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1 LƴǘǊƻŘǳŎǘƛƻƴ 
 
Á Deliverable 5.10 ς Case study integration of multi-risk and LCA assessments for energy 

production systems, developing an interface between the LCA and the MR 
assessments, produces an integration of a holistic, risk-based, life cycle assessment in 
which the LCA process contemplates also assessing and managing risks.   
 

Á Deliverable 5.10 ς Case study integration of multi-risk and LCA assessments for energy 
production system records the progress obtained in Task 5.8.  

 

1.1 General context  

Geo-resources are widely exploited in our society, with huge benefits for both economy and 
communities. Nevertheless, with benefits come risks, and even environmental impacts. 
Understanding how such risks and impacts are intrinsically borne in a given project is of critical 
importance for both industry and society. In particular, it is crucial to distinguish between the 
specific impacts related to exploiting a given energy resource and those shared with the 
exploitation of other energy resources.  

In order to do so, it is useful to differentiate impacts in two categories: routine impacts, 
caused by ordinary routine operations, and stochastic impacts caused by accidents due to 
system failure or triggered by external (natural or anthropogenic) events. The latter category 
includes low probability/high consequences events, which may not be completely 
independent or unrelated, and can cause the most disastrous and unexpected damages. 

Many different approaches can be used to identify and assess such impacts. In particular, the 
most used ones are life cycle analysis (LCA) and risk assessment (RA). 
The former focuses only on routine impacts. In fact, LCA is a powerful tool to estimate the 
aggregated environmental impacts of a project [1,2,3] evaluating a set of interactions that a 
product or service has with the environment and the environmental impact (positive or 
negative) that arises from such interactions. In its most complete form (cradle-to-grave), the 
LCA considers the entire life cycle, thus including the phases of pre-production (including also 
extraction and processing of raw materials), production, distribution, use (therefore also 
reuse and maintenance), and recycling and final disposal of all production equipment.  
The latter is a class of formal processes [4,5], i.e. Environmental Risk Assessment (ERA), Health 
Risk Assessment (HRA), Multi-risk Assessment (MRA), used to identify hazards and risk factors 
that have the potential to cause harm (i.e. stochastic impacts), analyse and evaluate the risk 
associated with that hazard, and determine appropriate ways to eliminate the hazard or 
control the risk when the hazard cannot be eliminated. In particular, ERA and HRA focus 
respectively on the risk posed to environment and human health, whilst MRA, which we are 
interested in, has a wider approach with respect to other RAs and can be used both to assess 
different (independent) hazards threatening a common set of exposed elements, and to 
determine and estimate possible interactions and/or cascade effects among the different 
possible hazardous events [6].   
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Even though they are quite well known and effective tools, the various approaches, and in 
particular LCA and MRA, have been developed and implemented by largely separate groups 
of specialists, with the consequence that routine and stochastic impacts are treated 
separately and the results of the two analyses are not comparable. Thus, a comprehensive 
approach that integrates the two tools to deals with both, impacts caused by ordinary routine 
operations, and impacts caused by incidents due to system failures or extreme events, would 
represent a milestone in risk and impact mitigation.  
In Deliverable 5.3 [7] we have shown that some fundamental differences between LCA and 
MRA exist; although a full integration of one approach into the other is not possible, these 
two tools can be seen as complementary: two parts of a comprehensive framework to 
evaluate likely and potential impacts. 
In particular, MRA can be built upon LCA both qualitatively and quantitatively. In fact, one 
may use the LCA scheme and results to identify and address the possible risk pathway 
scenarios to be used in MRA. Moreover, the outputs of LCA can be used to define operational 
parameters of the probabilistic framework of the Multi-risk assessment. Our goal is to 
implement such protocol within a case study.  
 

1.2 Deliverable objectives 

 
The aim of this deliverable is to implement the protocol presented in Deliverable 5.3 [7] on a 
case study. To our knowledge, such comprehensive approach is yet to be applied on a specific 
project. Our work would thus represent a milestone that can be applied to future exploitation 
activities.  
 
The deliverable is organized as follows. The starting point will be a general overview of the 
main concepts related with both LCA and MRA. In the second section, an outline on the 
approaches with which these two tools are generally compared in other industrial fields is 
presented, followed by our bespoke protocol description. The third section in dedicated to 
the implementation of our tool on a case study; the path forward is then discussed before 
conclusions are presented in the last section. 
 

2 aw! ϧ [/!Υ ōŀǎƛŎ ŎƻƴŎŜǇǘǎ 

2.1 MRA 

 
Multi-risk assessment (MRA) is one of the newest and most interesting branches of risk 
assessment. In fact, it not only estimates the risks posed by inherent hazards involved in the 
process or situation, but harmonizes the result obtained for different sources with the 
methodologies used, also taking into account possible risk interactions [8,9,10]. 
 
It is, thus, crucial to clarify the distinction between hazard and risk. 
Hazard is defined as the potential to cause harm. 
Risk is defined as the combination of the probability, or frequency, of occurrence of a defined 
hazard and the magnitude of the consequences of the occurrence.  
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For example: The pollutant materials transported in and out of a drilling site have hazardous 
properties. They might be foul up the surface waters in the vicinity of the roads they cross. 
However, they are only dangerous if the waters are exposed to it. The degree of harm caused 
by the exposure depends on the specific exposure scenario. Therefore, if a track transporting 
pollutant material doesn't leak any of it, the risk of harm is null, but the hazardous property 
of the material and their transport will remain unchanged. 
 
An MRA analysis may take into account both events threatening the same elements at risk 
without chronological coincidence -  άMulti-Hazard assessmentέ -, and/or related events 
(depending one to another or caused by the same triggering event) , thus occurring at the 
same time or shortly following each other ς άMulti-risk assessmenǘέ - (European Commission 
2010).  
In other words, such analysis is useful to both, assess different (independent) hazards 
threatening a common set of exposed elements, and identify and assess possible interactions 
and/or cascade effects among the different possible hazardous events [8,10,11]. 
  
On an analytical level, MRA is based on two fundamental approaches: (1) probability theory 
and (2) methods for identifying causal links between unfortunate effects and different types 
of hazardous activities.  
In fact, the implementation of an MRA analysis needs to:  
Á Take into account the possibility of multiple (natural and anthropogenic) hazards as 

possible triggering mechanisms; 
Á Explore all the plausible scenarios of cascading events, identifying the logical 

relationships among the different events driving to an unwanted consequence; 
Á Assess the possibility of impacting different typologies of environmental and anthropic 

exposed elements. 
 
Going into more detail, a quantitative risk analysis can be structured in three main steps [12]:  
Á Identification and description of potential accidental events in the system1; 
Á Identification in a hierarchical structure - Fault Tree - of the potential causes of each 

incidental event using causal analysis2; 
Á Identification in a hierarchical structure - Event Tree - of the potential consequences of 

each incidental event using causal analysis. 
 
The general framework for a quantitative MRA is, thus, represented using a so-called bow-tie 
structure, such as the one shown in  
Figure 1.  
The bow-tie structure is composed of a fault tree on the left-hand side of the graphic plot, 
identifying the possible events causing the critical (or top) event, and an event tree on the 
right-hand side showing the possible consequences of the critical event. Such a structure 
takes into account the possibility of multiple (natural and anthropogenic) hazards as possible 
triggering mechanisms, explores the logical relationships among the different events leading 

                                                      
1  Accidental event: a significant deviation from normal operating conditions that may lead to unwanted 
consequence. 
2 If probability estimates are available (of the basic events), these may be input to the fault tree and the 
probability/frequency of the accidental event may be calculated. 
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to unwanted consequences and considers the possibility of impacting different typologies of 
environmental and manmade exposed elements. 

 
Figure 1 ς Scheme of a Bow-Tie Structure ς redrawn from [12]. 

2.2 LCA 

 
The definition proposed by the Society of Environmental Toxicology and Chemistry (SETAC) in 
1993 on the LCA methodology reads as follows: [LCA] is an objective procedure for assessing 
the energy and environmental impacts related to a product / process / activity, performed by 
identifying the energy and materials used and the waste released into the environment .The 
evaluation includes the entire life cycle the product / process / activity, including the extraction 
and processing of raw materials, manufacturing, transportation, distribution, use, reuse, 
recycling and final disposal. 
 
The first LCA studies date back to the 1960s. Their goal was to optimize costs in industrial 
projects. In the last 50 years, the scope of LCA studies broadened to include raw materials, 
emission and waste. Today, LCA is an environmental management tool, which aims at 
identifying all resources used and also emissions and waste generated to air, ground and soil, 
over the whole life cycle of a specific project. 
The LCA procedure is internationally standardized by ISO 14040 standards [14,15]. 
 
The aim of LCA is to study the production process development and to understand whether 
opportunities exist for overall system improvements. Such analysis also leads to identify 
possible environmental hot spots in the production process [16]. 
 
The ISO framework of LCA describes LCA as four compulsory phases, schematically shown in 
Figure 2: 
Á  Goal and scope definition (ISO 14041:1998)[17]: the purpose of the study and its scope 

is defined; 
Á Inventory analysis (ISO 14041:1998)[17]:  data collection and calculation procedures to 

quantify relevant inputs and outputs of a product system; 
Á Life cycle impact assessment (LCIA) (ISO 14042:2000)[18]: the data that constitutes the 

results of the inventory are associated with specific environmental impacts; 
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Á Life cycle interpretation (ISO 14043:2000)[19]: the results from the inventory analysis 
and impact assessment are interpreted to meet the beforehand-defined goals of the 
study. 

 
 

Figure 2 ς Phases of an LCA according to ISO 14040:1997 

 
Each of these four phases can be broken down in smaller tasks, as shown in Figure 3: 
 

 
Figure 3 - Logical structure of LCA based on ISO 14001 and ISO 14004 

 
One of the main features of LCA is the use of functional units. The functional unit is the 
assessment basis of LCA, enabling comparison between different ΨproductsΩ that provide the 
same function. The products are quantitatively characterized in terms of this function in order 
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to take into account any differences in product lifetime or durability and efficiency. In this 
way, it is possible to quantitatively relate processes to each other throughout the whole 
product life cycle. Such relations are based on the relative contribution of each process to the 
defined functional unit. Thus, it is possible to partially include most processesτand the 
related emissionsτin a LCA analysis. For instance, one can need a definite amount of energy 
for a given functional unit no matter the total energy needed for the whole project. Taking 
into consideration these differences, it is possible to compare the environmental impacts of 
different projects.  
 
As a consequence of the use of functional units as basis of the modelling workflow, LCA 
acquires a relative character. In fact, a functional unit is arbitrary in size and thus, the analysis 
to indicate the desirability of any decrease of hazardous substances. 
 

3 aw! ϧ [/!Υ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ǘǿƻ ǘƻƻƭǎ  
 
More that 60 years of development have populated the present literature on either LCA or 
(M)RA3 studies of different geo-resource exploitation with quite a lot of insights, equipping 
the scientific and industrial community with a better comprehension of either environmental 
impacts or risks of individual exploitation activities. Nonetheless, the two approaches are still 
used as disconnected; very few, if not just one [20], contributions in the up-to-date literature 
pose the problem of understanding the general lessons learned from the two analysis or how 
this knowledge can be applied to future exploitation activities.  
In fact, both LCA and MRA are analytical tools used to support decision making in 
environmental management, but they have been developed and implemented by largely 
separate groups of specialists. For this reason, no explicit, clear conclusion of the ultimate 
combination or benefit between LCA and MRA can be found in the literature, even though 
the need for developing a framework that allows the integration between LCA and MRA in 
subsurface environmental management is recognized [20]. 
 
Nonetheless, good hints on the path to follow are found in applications of LCA and (M)RA to 
the pharmaceutical and chemical manufacturing industries, as shown for example in Ref. [21]. 
In agreement with their suggestions, in general, there are five different approaches to 
synergistically employ LCA and (M)RA, as shown in Figure 4: 

Á (M)RA can be considered as a subset to LCA; 
Á LCA can be considered as a subset to (M)RA; 
Á (M)RA and LCA can be considered as intersecting or overlapping tools; 
Á (M)RA and LCA can be considered as separate tools; 

                                                      
3 Here the brackets indicate that the following is valid for RA in general and, as a consequence, also for MRA. 
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Á (M)RA and LCA can be considered as complementary tools, each one with a 
particular perspective, both needed to get the full particulars. 

Figure 4 - Alternative approaches of (M)RA and LCA in terms of simplified Venn diagrams - redrawn from Ref. [21] 

 
The scheme represented in Figure 4 is general, and can be used for any risk assessment 
analysis. However, as said before, among the different RAs, we are specifically interested in 
the MRA for its wider and more complete approach and outcomes.  
 

3.1 MRA & LCA: our bespoke approach 

 
In order to devise a more general protocol that integrates both MRA and LCA approaches, 
within the S4CE consortium we find it is useful to compare the specific features of the two 
frameworks.   
Both frameworks make statements about potential or probability of effects, even though one 
- LCA - deals with impacts caused by ordinary routine operations, and the other one - MRA - 
focuses on impacts caused by incidents due to system failures or extreme events. Such 
difference translates in the fact that MRA and LCA address distinct and different questions. 
As already said, both MRA and LCA are useful in the decision-making progress, representing 
a way of structuring, presenting and evaluating information significant for the environmental 
aspects of a project. 
The similarities, differences and interfaces between these two methods are more 
complicated questions than what may intuitively be apprehended [22]. 
In general, one may find many specific features that one analysis presents while the other 
does not. Nonetheless, all the differences can be summarised in a few main aspects: 
Á Functional vs. actual units: a fundamental difference between LCA and MRA is the use 

of the functional unit concept in the former while the latter uses of flows of actual (or 
absolute) size. 

Á Global vs. local: the LCA can be seen as a global impact analysis, which does not strictly 
depend on the geographical location of the project, either than by considering 
country-specific different regulations, whilst the MRA is strictly related to the actual 
localization of the project and to the environment it is inserted into. 
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Á Deterministic vs. probabilistic impacts: both methods have a life cycle perspective, but 
with a caveat. In fact, the definition of the life cycle of a project differs in the two tools: 
in the LCA the life cycle of the project starts with the raw materials and ends with the 
closing of a site; RA analysis, on the other hand, includes the site abandonment and 
post-abandonment phase. Such a difference is motivated by the fact that, while LCA 
is focusing on the deterministic impacts of the project, which are null once the site has 
been abandoned, MRA addresses the impacts of the probable accidents, which can 
happen also after the formal closing of an industrial site. 

Á Receptor vs. loading: the objective of an MRA is to guarantee the environmental safety 
of a project by modelling its impacts - receptor focused; while LCA address the 
objective to reduce the overall pressure on the environment of an entire project 
system from cradle to grave - loading focused. 

 
One may, thus, conclude that there are some fundamental differences between LCA and MRA 
and a full integration of one into the other is not possible. Nonetheless, ƛƴ {п/9Ωǎ ǇŜǊǎǇŜŎǘƛǾŜΣ 
these two tools can be seen as complementary: two parts of a comprehensive framework to 
evaluate certain and potential impacts, as shown schematically in Figure 5. 
 

 
Figure 5 - MRA & LCA - Complementary tools that can be integrated in a more general approach. 

 
In particular, MRA can be built upon LCA both qualitatively and quantitatively. In fact, one 
may use the LCA scheme and results to identify and address the possible risk pathway. On the 
other hand, the outputs of Life Cycle Analysis can be used to define operational parameters 
of the probabilistic framework of the Multi-risk assessment, as shown in Figure 6. 
 
We stress that, even if the implementation of our bespoke approach may vary depending on 
the different field of application, the approach itself is quite general and still holds for the 
analysis of other industrial cases, where it is also much needed [23]. 
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Figure 6 - Schematic of our integration protocol for LCA and MRA. 

 

4 LƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ƻǳǊ ƘƻƭƛǎǘƛŎ ŀǇǇǊƻŀŎƘ ǘƻ ŀ ŎŀǎŜ ǎǘǳŘȅ 
 
In this document, we focus on key risk pathways scenarios from upstream activities in 
geothermal energy production systems to assess impacts on primary risk receptors, such as 
the pollution of surface - or ground - water resources.  
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4.1 Presentation of the case study  

 
Our case study is a real/virtual case tailored to represent the United Downs Deep Geothermal 
Power Project (UDDGPP) in Cornwall, on which the LCA analysis has been carried out by UCL 
within task 5.7, which led to a peer-reviewed publication [24].  
Part of the analysis below considers a virtual site representing the UDDGPP project, for the 
simple reason that for this field site, available to S4CE, some information are not yet available. 
The choice of a virtual site instead of the actual site does not invalidate the integration of 
MRA and LCA; rather it allows us to highlight the contribution of the LCA output as MRA 
inputs.  
In fact, LCA is a general analysis that focuses on the type of production system and not on the 
site-specific features, which are investigated in the MRA.  
 

4.2 Risk pathways identification 

 
The implementation of a virtual site requires a clear definition of the phases that will be 
represented in the multi-hazard risk modelling process. 
 
Thus, the first step we are taking, in order to harmonize MRA and LCA, is to divide the project 
life into the same phases used by LCA, i.e. site construction and drilling, operation and 
maintenance, dismantle and end of life, and adding the post-abandonment phase, see Figure 
7. Such measure will allow the best use of the LCA inventory data. 

 
 

Figure 7 - MRA and LCA: Project phases 

 
With the same approach presented within Ref. [15], the main risk pathway scenarios have 
been then identified for each phase of the project lifetime.   
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4.2.1 Phase 1: site construction and drilling. 

 
The main risk pathway scenarios have been identified for the site construction and drilling 
phase in the causal diagram in Figure 8 and Figure 9. Figure 8 includes the identified pathways 
corresponding with environmental impacts associated with routine activities, while Figure 9 
displays the ones potentially associated with accidents and/or extreme events. 
 
 
 
 

4.2.2 Phase 2: operation and maintenance 

 

Figure 1 - Risk pathways in Phase 1 ς site construction and drilling. White and red circles identify events 
associated with incidents and/or extreme events.  

Figure  9 - Risk pathways in Phase 1: site construction and drilling. White and red circles identify events 
associated with incidents and/or extreme events. 

Figure 8 - Risk pathways in Phase 1: site construction and drilling. Dark grey circles identify events 
associated with ordinary routine operations.  

Figure 9 - Risk pathways in Phase 1: site construction and drilling. White and red circles identify events 
associated with incidents and/or extreme events. 
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The main risk pathway scenarios have been identified for operational and maintenance phase 
in the causal diagram in Figure  10, which includes pathways correspondent to routine 
activities, as well as with accidents and/or extreme events. 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.2.3 Phase 3: dismantle and end-of-life 

 
The main risk pathway scenarios have been identified for dismantle and end-of-life phase in 
the causal diagram in Figure 11, which includes pathways correspondent to environmental 
impacts associated both with routine activities, as well as accidents and/or extreme events. 

 

Figure  10 - Risk pathways in Phase 2: operation and maintenance. Dark grey circles identify events associated with 
ordinary routine operations. White and red circles identify events associated with incidents and/or extreme events. 

Figure 11 - Risk pathways in Phase 3: dismantle and end-of-life. Dark grey circles identify events associated with ordinary 
routine operations. White and red circles identify events associated with incidents and/or extreme events. 








































